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ABSTRACT
Optimal development of root architecture is vital to the structure and nutrient absorption capabilities of
any plant. We recently demonstrated that AtCLE26 regulates A. thaliana root architecture development,
possibly by altering auxin distribution to the root apical meristem via inhibition of protophloem
development. In addition, we showed that AtCLE26 application is able to induce a root architectural
change in the monocots Brachypodium distachyon and Triticum aestivum. Here, we showed that
application of the synthetic AtCLE26 peptide similarly affects other important agricultural species, such as
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Optimal development of root architecture is vital to the struc-
ture and nutrient absorption capabilities of any plant. Root
architecture is inherently plastic to deal with an ever-changing
environment.1,2 Key parts of root architectural development
are primary root growth and post-embryonic development of
lateral roots, which increase the available surface area for nutri-
ent absorption.2,3 Understanding the role of signaling elements
involved in governing root architecture will enable the future
adaptation of crop species to maintain and/or increase yield in
areas of stress conditions.
One group of signaling molecules involved in a wide array of
physiological and biochemical processes leading to develop-
ment of tissues and organs are post-translationally modiﬁed
peptides.4-6 These relatively short proteins commonly form
ligands for receptors and initiate signaling cascades.5 Signaling
peptides exist as 2 main families, cysteine-rich, and post-trans-
lationally modiﬁed peptides, with CLAVATA3/EMBRYO-
SURROUNDING REGION (CLE) peptides belonging to the
latter family.4 Post-translationally modiﬁed peptides are
expressed as precursor sequences, which are then commonly
modiﬁed by tyrosine sulfation or hydroxyprolination.4 Hydrox-
yprolinated residues can be further modiﬁed by addition of l-
arabinose, and all of the above modiﬁcations are able to modify
the activity of the peptide, by altering the secondary structure
of the peptide or providing additional surfaces by which inter-
action between peptide and receptor can occur.7
The CLE peptide family has been demonstrated to regulate
several aspects of growth and development in Arabidopsis thali-
ana, as well as in several other species, with TRACHEARY
ELEMENT DIFFERENTIATION INHIBITORY FACTOR
(encoded by CLE41/CLE44), CLE45 and CLE40 being key sig-
nals in root architectural development.5,8-10 It has recently been
demonstrated that AtCLE26 regulates A. thaliana root architec-
ture development, possibly by altering auxin distribution to the
root apical meristem via inhibition of protophloem develop-
ment.9,11 In addition, it was shown that AtCLE26 application is
able to induce a root architectural change in the monocots Bra-
chypodium distachyon and Triticum aestivum.11 Given that
enhanced root architecture is key to increasing crop yield, and
that the CLE peptide family is present across a broad range of
species, we also evaluated if application of the synthetic
AtCLE26 peptide was able to similarly affect other important
agricultural species.
Brassica napus (oilseed rape), is a crop species closely related
to A. thaliana, and is an important agricultural species, allow-
ing for the cultivation of oils for both human consumption and
biofuel generation.12,13 Additionally, the meal produced from
the seed husks remaining after oil extraction is regularly
included in feed for livestock, due to the high protein content
(circa 38%).14 B. napus is a hybrid of 2 diploid progenitor spe-
cies B. rapa and B. oleracea.15 In order to determine if
AtCLE26p was active on this crop species, we germinated and
grew seedlings on media containing 1 mM peptide as detailed
previously.11 This indicated that AtCLE26p is able to inhibit
primary root growth and increase lateral root density in B.
napus (Fig. 1A, C and D), which is phenotypically similar to
our previously reported data for AtCLE26 application to A.
thaliana, B. distachyon and T. aestivum.11
Since CLE peptide species are present across a broad range
of plant species,11 we also investigated whether AtCLE26 can
affect a larger range of crop species than the closely related B.
napus and cereal crops. A less closely related, but similarly
commercially important crop species is tomato (Solanum lyco-
persicum), which is grown and consumed globally, and is a key
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species in deciphering the signaling pathways involved in fruit
ripening.16 In order to determine if AtCLE26p was active on
this crop species, we germinated and grew tomato (M82D)
seedlings on media containing 1 mM peptide as detailed previ-
ously.11 Compared with the data reported previously for A.
thaliana, B. distachyon and T. aestivum,11 and the results for B.
napus reported here, growth of S. lycopersicum on medium
containing AtCLE26p resulted in a similar root phenotype
(Fig. 1B).
The morphological change upon application of AtCLE26p
to root architecture of B. napus and S. lycopersicum (Fig. 1)
resembles that previously reported for A. thaliana, B.
distachyon, and T. aestivum,11 suggesting that B. napus and S.
lycopersicum contain a homologous AtCLE26-activated signal-
ing module that acts to govern root architecture. It is yet to be
determined whether the observed morphological change to
crop species results from disruption of phloem auxin transport,
as observed in A. thaliana.11 However, given the similarities in
root morphology, it is possible that the same process of auxin
transport is disrupted in AtCLE26-treated B. napus.
Our previous analyses indicated that multiple crop and
model species contain putative CLE26 orthologues.11 However,
since the initial phylogeny did not include S. lycopersicum, a
BLASTp (Phytozome) of A. thaliana mature peptide sequences
Figure 1. AtCLE26 effect on B. napus and S. lycopersicum root architecture. (A-B) Representative pictures of B. napus (A) and S. lycopersicum (B) grown in the absence or
presence of 1 mM AtCLE26p. (C-D) Quantiﬁcation of B. napus root phenotypes with respect to primary root length (C) and lateral root density (D) in absence or presence
of 1 mM AtCLE26p (n = 18 for no peptide and 26 for 1 mM CLE26). Graphs depict average § standard error of indicated sample numbers. , p< 0.05 according to Stu-
dent’s t-test.
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was conducted on the S. lycopersicum proteome, which
returned 12 putative tomato CLE peptides. Here, we used the
annotated proteome data for B. rapa instead of B. napus, since
there is no annotated proteome data for B. napus.13 Mature
peptide sequences from A. thaliana, S. lycopersicum and B.
rapa were aligned and arranged into a phylogenetic tree using
CLC workbench (Fig. 2A–B). Our results indicated that B. rapa
contained a protein (Bra007891) with high homology to
AtCLE26p and with the mature peptide having an identical
amino acid sequence to that of AtCLE26p (RKVPRGPDPIHN)
(Fig. 2C), which is in agreement with earlier observations.11
Since B. napus contains the B. rapa genome, it is likely that
Bra007891 and any potential responsive signaling module rep-
resent a homologous CLE26 signaling pathway in B. napus.
These phylogenetic analyses also revealed that the closest
AtCLE26 homolog in S. lycopersicum is Solyc05g006610.2.1,
with a sequence of RRVPNGPDPIHN, which differs from
AtCLE26 at residues 2 and 5, representing a K2R and R5N sub-
stitution respectively (Fig. 2C). The Blocks Substitution Matrix
(BLOSUM62) indicated that both of these substitutions are
likely to be conservative of function (K2R D 2 and R5N D 0).
Taken together with our previous ﬁndings,11 our data indi-
cated that the signaling module initiated by CLE26p (or a func-
tionally related CLE) is conserved across a number of
important crop species, suggesting that data generated in the
investigation of CLE26 function in A. thaliana may potentially
impact on a broad range of agriculturally important species.
Additionally, further investigation of CLE26 downstream
protein effectors may identify putative target proteins for tar-
geted crop improvement, allowing for increased yield of crops
in adverse growth conditions.
Disclosure of potential conﬂicts of interest
No potential conﬂicts of interest were disclosed.
Acknowledgments
We thank Catherine Thomas, Graham Seymour, and Fereshteh Malekpoor
for supplying seeds and Martin Broadley for comments on the manuscript.
This work was supported by a BBSRC David Phillips Fellowship (BB_BB/
H022457/1) and a Marie Curie European Reintegration Grant (PERG06-
GA-2009–256354) to I.D.S, and a BBSRC CASE Studentship co-funded by
Bayer CropScience to N.C.
References
1. Pacheco-Villalobos D, Hardke C. Natural genetic variation of root sys-
tem architecture from Arabidopsis to Brachypodium: towards adap-
tive value. Philos Trans R Soc Lond B Biol Sci 2012; 367:1552–8.;
http://dx.doi.org/10.1098/rstb.2011.0237
2. Smith S, De Smet I. Root system architecture: insights from Arabidop-
sis and cereal crops. Philos Trans R Soc Lond B Biol Sci 2012;
367:1441–52; PMID:22527386; http://dx.doi.org/10.1098/rstb.2011.
0234
3. Postma J, Dathe A, Lynch J. The Optimal Lateral Root Branching
Density for Maize Depends on Nitrogen and Phosphorus Availability.
Figure 2. AtCLE26 orthologs in A. thaliana, B. rapa and S. lycopersicum. (A) Phylogenetic tree of mature CLE peptide sequences. (B) Detail of tree depicted in A, as outlined
in green. (C) Sequence alignment of likely AtCLE26 orthologs.
PLANT SIGNALING & BEHAVIOR e1118598-3
Plant Physiology 2014; 166:590–602; PMID:24850860; http://dx.doi.
org/10.1104/pp.113.233916
4. Murphy E, Smith S, De Smet I. Small signaling peptides in Arabidop-
sis development: how cells communicate over a short distance. Plant
Cell 2012; 24:3198–217; PMID:22932676; http://dx.doi.org/10.1105/
tpc.112.099010
5. Czyzewicz N, Yue K, Beeckman T, De Smet I. Message in a bottle:
small signalling peptide outputs during growth and development.
Journal of Experimental Botany 2013; 64:5281–96; PMID:24014870;
http://dx.doi.org/10.1093/jxb/ert283
6. Tavormina P, De Coninck B, Nikonorova N, De Smet I, Cammue B.
The Plant Peptidome: An Expanding Repertoire of Structural Features
and Biological Functions. Plant Cell 2015: 27(8):2095–118; PMID:
26276833; http://dx.doi.org/10.1105/tpc.15.00440
7. Shinohara H, Matsubayashi Y. Chemical synthesis of Arabidopsis
CLV3 glycopeptide reveals the impact of hydroxyproline arabinosyla-
tion on peptide conformation and activity. Plant Cell Physiology
2013; 54:369–74; PMID:23256149; http://dx.doi.org/10.1093/pcp/
pcs174
8. Cho H, Ryu H, Rho S, Hill K, Smith S, Audenaert D, Park J, Han S,
Beeckman T, Bennett MJ, et al. A secreted peptide acts on BIN2-medi-
ated phosphorylation of ARFs to potentiate auxin response during lat-
eral root development. Nature Cell Biology 2014; 16:66–76;
PMID:24362628; http://dx.doi.org/10.1038/ncb2893
9. Rodriguez-Villalon A, Gujas R, van Wijk R, Munnik T, Hardtke C.
Primary root protophloem differentiation requires balanced phospha-
tidylinositol-4,5-biphosphate levels and systemically affects root
branching. Development 2015; 142:1437–46; PMID:25813544; http://
dx.doi.org/10.1242/dev.118364
10. Stahl Y, Wink R, Ingram G, Simon R. A Signaling Module Controlling
the Stem Cell Niche in Arabidopsis Root Meristems. Current Biology
2009; 19:909–14; PMID:19398337; http://dx.doi.org/10.1016/j.cub.
2009.03.060
11. Czyzewicz N, Shi C, Vu L, Van De Cotte B, Hodgman C, Butenko M,
De Smet, I. Modulation of Arabidopsis and monocot root architecture
by CLAVATA3/EMBRYO SURROUNDING REGION 26 peptide.
Journal of Experimental Botany 2015; 66:5229–43; PMID:26188203;
http://dx.doi.org/10.1093/jxb/erv360
12. Zapata, Vargas, Reyes, Belmar. Quality of biodiesel and press cake
obtained from Euphorbia lathyris, Brassica napus and Ricinus com-
munis. Industrial Crops and Products 2012; 38:1–5.; http://dx.doi.org/
10.1016/j.indcrop.2012.01.004
13. Wells R, Trick M, Soumpourou E, Clissold L, Morgan C, Werner P,
Gibbard C, Clarke M, Jennaway R, Bancroft I Wells, Trick, Soum-
pourou, Clissold, Morgan, Werner, et al. The control of seed oil poly-
unsaturate content in the polyploid crop species Brassica napus.
Molecular Breeding 2014; 33:349–62; PMID:24489479; http://dx.doi.
org/10.1007/s11032-013-9954-5
14. Pustjens A, de Vries S, Schols H, Gruppen H, Gerrits W, Kabel M.
Understanding carbohydrate structures fermented or resistant to fer-
mentation in broilers fed rapeseed (Brassica napus) meal to evaluate
the effect of acid treatment and enzyme addition. Poultry Science
2013; 93:926–34.; http://dx.doi.org/10.3382/ps.2013-03519
15. Chalhoub B, Denoeud F, Liu S, Parkin IAP, Tang H, Wang X, Chiquet
J, Belcram H, Tong C, Samans B, et al. Early allopolyploid evolution
in the post-Neolithic Brassica napus oilseed genome. Science 2014;
345:950–3; PMID:25146293; http://dx.doi.org/10.1126/science.
1253435
16. Seymour GB, Chapman NH, Chew BL, Rose JK Seymour, Chapman,
Chew, Rose. Regulation of ripening and opportunities for control in
tomato and other fruits. Plant Biotechnology Journal 2013; 11:269–78;
PMID:22958755; http://dx.doi.org/10.1111/j.1467-7652.2012.00738.x
e1118598-4 N. CZYZEWICZ AND I. DE SMET
